new opportunities for manganite/cuprate systems and other transition-metal-oxide junctions in memristive applications.
The transistor, a three-terminal device, is the basic unit in modern electronics, which powers information technology. Driven by the approaching limits of transistor scaling, interest in exploring memristors as an alternative has recently surged. Memristors are devices in which the passage of current is controlled by exploiting the defining property of memristive materials, namely a pinched current-voltage hysteresis loop [1, 2] .
In a transistor, the different conducting states are achieved by altering the gate voltage that externally modulates the carrier density in the semiconductor. In a memristor, one uses an external means to generate different conducting states by inducing reversible atomic displacements. Memristors often have the additional property of multiple conducting states of continuous tenability, which emulates biological synapses [3, 4] .
Many materials have been explored for their memristive behavior. The most widely studied types are based on the dynamics of defects such as oxygen vacancies or metal ions [5, 6, 7] . Different resistance states are generated by either causing the formation and rupture of a conductive filament or modifying the Schottky barrier at the contacts. High On/Off ratios (>10 3 ) are often achieved, [8, 9] but the defect-motion-based switching mechanism poses intrinsic challenges to the control of the materials, affecting the yield and reliability of the devices. Memristors based on other switching mechanisms have also been demonstrated, including molecular memristors [10] ferroelectric memristors [11] , and spin-transfer torques (STTs) [12] . These memristors typically have On/Off ratio smaller than 10 2 with the exception of ferroelectric memristors, which can reach 10 4 [13] , but switching entire ferroelectric domains entails high energy costs.
Several recent papers demonstrated that the magnetic polarization in magnetic tunnel junctions (MTJs) [14] and magnetic-metal/ferroelectric junctions [15] [16] [17] can be modified by external electric fields, effectively producing memristive behavior, but the On/Off ratio is typically smaller than 10.
In this paper we report the discovery of memristive behavior with high On/Off pure oxygen sputtering technique at elevated temperature (900º C), which is known to yield good epitaxial properties [19] . Standard optical lithography and ion milling from plasma source or electrically SiO 2 isolated mesas were used to define square micron size (4 x 4 um 2 ) pillars to measure perpendicular transport. The top electrode was evaporated silver. Transport (resistance versus field loops and I-V curves) was measured in a close cycle He cryostat equipped with an electromagnet that supplies a magnetic field up to 4000 Oe. For all measurements the top contact was grounded.
Aberration corrected scanning transmission electron microscopy (STEM) was employed to determine the atomic scale structure and composition of the LCMO/PBCO bilayer. High angle annular dark field (HAADF) imaging shows that the layers have grown coherently on the STO substrate as seen in Figure 1b . The atomic number contrast of HAADF imaging allows the STO, LCMO and PBCO layers to be easily identified.
However because La, Pr and Ba are similarly heavy elements compared to the similarly light Cu and Mn elements the termination of the interface is not clear from the HAADF images alone. Atomic resolution spectrum imaging was therefore performed with electron energy loss spectroscopy. The maps show that the interface consists of a Mn-rich plane terminating the LCMO, adjacent to a single Ba-rich plane terminating the PBCO.
We therefore assume an MnO 2 -BaO termination at the interface, as will be shown in our atomistic model below.
Electrical measurements in the current-perpendicular-to-plane geometry reveal a memristive hysteresis of the LCMO/PBCO bilayer, as shown in the current-voltage relation in Fig. 1c . Figure 1d shows the resistance hysteresis of the junction that was read with a voltage of 200 mV at 100 K. Under an external magnetic field of 4 kOe, the resistance (R) of the as-fabricated bilayer is around 300 Ω. By applying negative biases greater than -0.5 V, the measured resistance can be increased by more than 3 orders of magnitude, with larger maximum biases resulting in greater values of R. Applying a reverse positive bias switches the bilayer back to the initial low-resistance state. Such a large magnitude of resistance change is not observed in LCMO/PBCO/LCMO trilayer samples, which instead show a smaller factor of two change in resistance [20] . The resistance hysteresis varies with both temperature and magnetic field. The hysteresis window narrows as the temperature increases and vanishes at 180 K, which is above the Curie temperature of LCMO, as shown in Fig. 1e . This suggests that hysteresis is related to the spin-polarization of the current. Meanwhile, the hysteresis window widens as the magnetic field increases, with stronger magnetic fields yielding greater resistance at the high-resistance state (Fig. 1f) . The memristive behaviors of transition metal oxide films are often attributed to the diffusion of oxygen vacancies [4, 5, 7] . However, this mechanism is unlikely to be responsible for the observed switching here as hysteresis in resistance disappears when temperature is increased (above 180K) when vacancies are supposed to be more mobile.
Moreover, we observe memristive hysteresis when the temperature is far below room temperature, meaning there is insufficient thermal energy to enable the vacancy motion despite the barrier being lowered by the external electric field [4, 5, 7, 21] . The diffusion barrier for oxygen vacancy migration in LCMO is 1.3 eV, [22] and the estimated maximum electric field during the experiment is 0.04 V/Å for a 1 V bias. For a hopping distance of 2 Å, the barrier lowering effect due to the electric field is 0.04 eV. For such an amount of barrier lowering, the diffusivity increases non-linearly with the electric field [4, 21] . However the overall diffusivity is still too low for vacancy migration. Even if we use a generously overestimated value of 0.1 eV for the diffusion barrier lowering, the resulting diffusion barrier is still 1.2 eV. Although a diffusion barrier ~1 eV allows detectable vacancy motion at room temperature, [23] it is far too large for diffusion at 100 K, as a 1 eV barrier at 100 K is equivalent to a 3 eV barrier at 300K for diffusivity.
Other mechanisms for vacancy diffusion are also likely absent in the bilayers. In a good conductor with high current, electron wind can transfer energy to defects and cause their migration. However this mechanism is not in-play as the LCMO is a poor conductor and the PBCO barrier limits the current, which is further reduced when the bilayer is at the high resistance state. Recombination-enhanced diffusion [24, 25] can enable the diffusion at low temperature and also can cause memristive behavior of oxides, [26] but this effect is also unlikely present in the manganite/cuprate bilayers as there is no nonequilibrium concentration of electrons and holes and thus no carrier recombination.
Besides the vacancy migration mechanism, in some ferromagnet/oxide/ferromagnet MTJs, spin-orbit coupling can rotate the direction of the magnetic moment of one of the ferromagnetic layers through voltage-controlled magnetic anisotropy (VCMA) [27] and cause memristive switching [14] with on/off ratio no greater than 10 [28] . This mechanism, however, does not explain the present observations, as only one magnetic layer is present in the bilayer samples. Therefore, a new mechanism must be at play.
It has been shown that at the perovskite manganite/cuprate interface, the magnetic moments on the interfacial Mn layer are significantly different from those in bulk manganite. At the LCMO/YBCO interface, a MDL can form [18] resulting from the interfacial Mn layer being coupled anti-ferromagnetically (AFM) to the ferromagnetic (FM) LCMO bulk (strongly suppressing double exchange transport through the interface).
If such a MDL can be switched on and off in our manganite/cuprate bilayer by an electric field and the states are metastable (metastability in the magnetic states is known to exist in manganites [29] ), the junction should also exhibit memristive hysteresis as illustrated in Fig. 2 . In the low resistance state (LRS) the MDL is absent. The spin of the interfacial layer is FM coupled to the ferromagnetic LCMO bulk as in Fig. 2a , allowing the majority-spin electrons in the LCMO to tunnel through the PBCO, as shown in Fig. 2b (the light red area shows the additional barrier from the MDL). In this case, the current is large and R is small. In the high resistance state (HRS), the spin of the interfacial layer is AFM coupled with the LCMO bulk (Fig. 2c) , giving rise to a MDL. This MDL adds an additional barrier to the tunneling of majority-spin electrons (Figure 2d ), causing lower current and higher R. The DFT results on the displacements of interfacial Mn atoms are also consistent with the electrical data shown in Fig. 1c and the mechanism shown in Fig. 2 . In the ground state, the Mn ions are displaced towards the PBCO by 3.946 Å from the adjacent Mn layer, as illustrated in Fig. 3d . In this state, the interfacial MnO 2 layer is FM coupled to the bulk LCMO, therefore MDL is absent and the bilayer is at LRS. Although the LCMO bulk in the bilayer is nominally metallic at 30% Ca doping [30] , an electric field can be sustained at the interfacial MnO 2 layer because the Thomas-Fermi screening length corresponds to one to two units of LCMO [31] . Furthermore, as discussed below, the properties of the interface LCMO layer differ from bulk and might be viewed as an insulator. A negative bias (Fig. 3b ) pulls the interfacial Mn towards the LMCO ( [30] . While the LCMO in our experiment has 30% Ca doping and therefore should be a ferromagnetic metal, the electron density around the Mn atoms at the interface is higher than that in the bulk, which is likely because the local bonding around the interfacial Mn atoms is slightly different from the bulk, as illustrated in Fig. 3a . For the interfacial Mn atoms, the calculated average electron density within the Wigner-Seitz cell is 11.574 e, which is greater than the value of 11.546 e for the Mn atoms inside the LCMO part of the bilayer and is close to the calculated value of 11.579 e for pure LaMnO 3 . Therefore, we assume that the interfacial MnO 2 layer is similar to lightly doped LaMnO 3 and thus could be viewed as a ferromagnetic insulator. As a result, when an external bias is applied, the can be understood as the trilayer has two opposing interfacial Mn layers that can be coupled by the magnetic moments in PBCO [20] . As the two interfacial Mn layers are opposing each other, they cannot be both switched from FM to AFM simultaneously by an electric field that produces displacements in the same direction. Therefore, the switching of one side is suppressed by its coupling to the opposite side through PBCO and a different mechanism may be at play in trilayers.
The physical phenomenon that underlies the memristive switching mechanism shown here is a new type of interfacial magnetoelectricity. It relies on the dependence of the magnetic coupling on the atomic positions, which is in accord with the fact that the magnetic properties in transition metal oxides can be very sensitive to the atomic structures [36] . It bears similarity to the recently observed interfacial magnetoelectricity in magnetic metal/ferroelectric oxide junctions [15] [16] [17] where the magnetism at the interface can be controlled by electrically reversing the polarization direction of the ferroelectric. First-principles calculations revealed that in those systems, the change of atomic displacements at the interface upon the switching of the ferroelectric plays the key role in altering the interfacial magnetism [37] . However, even though the magnetic switching in metal/ferroelectric systems only involves the interface, it is necessary to electrically switch the bulk of the ferroelectric. On the contrary, in the LCMO/PBCO bilayer, both magnetic switching and electrical switching are limited to the interface, which potentially offers faster switching and lower energy cost. Using the maximum force 0.25 eV/Å and the displacement of 0.01 Å, we estimated the energy cost to switching one Mn atom to be 1.3 meV. Therefore, the switching energy of a 10 nm by 10 nm area of the bilayer that representing a "bit" is only 0.8 eV, aka 0.13 atto Joule . In comparison, switching a BiFeO 3 ferroelectric memristor [13] with same area and a thickness of 4.6 nm would require 470 atto Joule (it takes 0.427 eV to switch one BiFeO 3 formula unit [38] ); while for binary oxide TaOx memristors, the switching requires 100 fJ to 10pJ [39] . In addition, while the switching in metal/ferroelectric interfaces involves the change of the in-plane magnetic ordering that has a small effect on spin-current, the switching in LCMO/PBCO bilayer involves the activation of a magnetic "dead" layer, which allows high On/Off ratios for applications.
The key factors that enable the type of interfacial magnetoelectricity found in our system are the existence of a polarizable MnO 2 layer at the PBCO/LCMO interface and the modification of the magnetic properties of the Mn atoms by their displacement. As both factors are intrinsic to the perovskite manganite/cuprate interface, these findings should be applicable to other perovskite manganite/cuprate materials systems and possibly other transition metal oxides junctions as well. Further optimization of the materials might result in bilayer junctions with desired electrical properties to be used in a range of applications of memristive devices [4] . One key step would be realizing devices that operate at room temperature. This may be achievable by replacing LaCaMnO 3 with LaSrMnO 3 , whose Curie temperature can be higher than 300 K [40] .
METHODS
Sample growth. The samples were grown on top of STO (001) substrates using a high pressure (3.2 mbar) pure oxygen sputtering deposition system at high temperature (900 °C) [19, 20] . We fabricated magnetic tunnel junctions from [PBCO (8 nm)/LSMO 50 nm] bilayers using standard UV optical lithography and ion milling. We patterned samples into micron size (9x18 µm 2 and 5x10 µm 2 ) rectangle shape pillars and measured their magnetotransport properties. For transport properties we deposited Ag top contacts on the PBCO. Typically 40% of junctions per sample were not shunted and could be measured, which represents a large success ratio of our patterning process. IV curves were measured using current source and voltmeter. For all measurements the top contact was grounded such that negative (positive) voltages correspond to electric fields pointing downwards (upwards). performed by using the 2x2x1 k-point-mesh. To account for the electron correlations, we use an implementation [44] of DFT+U methods [45] and apply U=2 eV on Mn 3d
orbitals. The 4f electrons on Pr atoms are kept frozen at the core.
